Post-collisional magmatism in western Anatolia followed a continental collision event in the Early Eocene, and occurred in discrete pulses that appear to have propagated from north to south over time. The first episode occurred during the Eocene and Oligo-Miocene and was subalkaline in nature, producing medium-to high-K calc-alkaline granitoids and mafic to felsic volcanic rocks. Partial melting and assimilation-fractional crystallization of enriched subcontinental lithospheric mantle-derived magma(s) were important processes in the genesis and evolution of the parental magmas, which experienced decreasing subduction influence and increasing crustal contamination through the Early Eocene-Early Miocene. This magmatic episode coincided with continued regional compression and development of a thick orogenic crust, and was influenced by an influx of asthenospheric heat and melts provided by lithospheric slab break-off. Extensional tectonics replaced the regional compression by the Middle Miocene, following the initial collapse of the western Anatolian orogenic welt, and resulted in the development of metamorphic core complexes and horst-graben structures. The second main episode of magmatism occurred during the Middle Miocene (16-14 Ma) and produced mildly alkaline rocks that show a decreasing amount of crustal contamination and subduction influence through time. Although melting of a subduction-modified lithospheric mantle continued, an asthenospheric mantle-derived melt contribution played a major role in the generation of these mildly alkaline magmas. The inferred asthenospheric melt contribution was a result of delamination of the lowermost part of the lithospheric mantle and/or partial convective removal of the sub-continental lithospheric mantle (SCLM). The third episode of post-collisional magmatism started around ~12 Ma and continued through the Late Quaternary. The main melt source for this phase carried no subduction component and was generated by the decompressional melting of asthenospheric mantle, which flowed in beneath the attenuated continental lithosphere in the Aegean extensional province. Lithospheric-scale extensional fault systems acted as natural conduits for the transport of uncontaminated alkaline magmas to the surface. Post-collisional magmatism in western Anatolia thus displays compositionally distinct episodes controlled by slab break-off, lithospheric delamination, and asthenospheric upwelling and decompressional melting, reflecting the geodynamic evolution of the eastern Mediterranean region throughout the Cenozoic. These events and the associated processes in the mantle took place primarily in response to the plate tectonic evolution of the region and collectively constitute a time-progressive template for the mode and nature of the post-collisional magmatism common to most alpine-style orogenic belts.
Introduction
THE LATE MESOZOIC-early Cenozoic tectonic evolution of the eastern Mediterranean region was controlled by the collapse and closure of various Tethyan seaways between the obliquely converging Eurasia and Afro-Arabia (ªengör and Yilmaz, 1981; Robertson and Dixon, 1984; Dilek and Moores, 1990; Dilek et al., 1999a; Stampfli et al., 2001; Dilek and Flower, 2003) . Widespread ophiolite emplacement in the Balkan Peninsula, Anatolia, and along the periphery of the Arabian subcontinent in the Cretaceous represents the earliest phase of the collisional tectonics in the region ( Fig. 1 ; Dilek et al., 1999a) . Following the final obliteration of the Tethyan oceanic lithosphere in these basins, the bounding continental fragments collided in the Early Eocene to form a series of alpine-style orogenic belts (Dewey et al., 1986; Harris et al., 1994; Okay et al., 1996; Dilek et al., 1999b; Sherlock et al., 1999) . The collisions of the Sakarya Continent with the Anatolide-Tauride platform in western Anatolia, the Kirsehir Continent (or the Central Anatolian Crystalline Complex) with the Anatolide-Tauride Platform in Central Anatolia, and the Rhodope-Pontide fragment with the Kirsehir Continent in eastern Anatolia mark the most important collisional events in the early Cenozoic. Collectively, these collisions resulted in the formation of the bulk of the orogenic crust in the Turkish segment of the Alpine orogenic belt ( Fig. 1 ; Dilek and Whitney, 2000) . The collision of the Arabian promontory with Eurasia in the Middle Miocene (~14 Ma) was the last major collisional event in the eastern Mediterranean region. This collision resulted in development of the Turkish-Iranian high plateau, followed by extensive volcanism across the plateau and into the Caucasus farther north (Dewey et al., 1986; Pearce et al., 1990; Yilmaz, 1990; Dilek and Moores, 1999) .
A complete record of post-collisional magmatism in the Mediterranean region is best seen in western Anatolia, where Eocene to Quaternary magmatic rocks with changing chemical compositions are exposed. This exposure provides us with an opportunity to examine the spatial and temporal relations between different magmatic episodes and their products. The spatial distributions of these plutonic and volcanic rocks in western Anatolia and the changes in their compositions through time and space were strongly controlled by post-collisional mantle dynamics, thermal regimes, melt evolution patterns, and magma transport mechanisms beneath a young orogenic belt. The existing models for the cause of early Cenozoic magmatism in western Anatolia include orogenic collapse of overthickened continental crust Scott, 1992, 1996) , subduction-induced magmatism (Fytikas et al., 1984; Pe-Piper and Piper, 1989; Gülen, 1990) , changes in stress regimes and tectonic modes during the late-stage evolution of the western Anatolian orogenic belt (Yilmaz, 1989 (Yilmaz, , 1990 Savaºçin and Güleç, 1990; Güleç, 1991; Ercan et al., 1995; Yilmaz et al., 2001; Akay and Erdoǧan, 2004) , and slab breakoff-related thermal changes and magmatism (Aldanmaz et al., 2000; Köprübasi and Aldanmaz, 2004; Altunkaynak and Dilek, 2006) . Each of these models has strong implications for the early to late Cenozoic geodynamics of the region, although they are not entirely mutually exclusive.
This paper presents an overview of the nature of post-collisional Cenozoic magmatism in western Anatolia and its geochemical characteristics and petrogenetic evolution through time based on existing data and regional tectonic constraints. Our tectonomagmatic model provides a realistic template for the geodynamic evolution of post-collisional magmatism in alpine-style orogenic belts around the world.
Cenozoic Magmatism and Its Products in Western Anatolia
Post-collisional Cenozoic magmatism in western Anatolia occurred in discrete pulses that produced plutonic and volcanic rock associations with varying ages and chemical compositions (Fig. 2) . Plutonic rocks appear to be limited mostly to the northwest, whereas volcanic rocks are extensive throughout the west, but are relatively scarce south of the Menderes metamorphic massif and into the Tauride carbonate platform. Timing of the formation of these rocks and their source magmas spans the regional compressional stress regime that persisted during and after the collision of the Sakarya and Anatolide-Tauride continental fragments as well as the subsequent extensional tectonic regime that was fully under way by the Middle Miocene; this extensional tectonics continues to affect the entire Aegean extensional province to the present day (McKenzie and Yilmaz, 1991) . Following the initial collapse of the western Anatolian orogenic belt as early as the Early Miocene, and after the onset of the extensional tectonic regime in the region (Seyitoglu and Scott, 1996; Dilek and Whitney, 2000; Okay and Satir, 2000) , the north-dipping subduction zone along the Hellenic Trench was established around 12-11 Ma (Meulenkamp et al., 1988) . The North and East Anatolian transform fault zones developed shortly afterward (~7 Ma; ªengör et al., 1985; Bozkurt, 2002) , facilitating the southwestward tectonic escape of the Anatolian plate away from the Arabian collision zone in the east (Dewey et al., 1986) . Plate boundary processes associated with these events have strongly affected the nature of crustal-and lithospheric-scale deformation (i.e., Ring and Layer, 2003) , melt generation and evolution, magma transport mechanisms, and the mode of magmatism throughout the late Cenozoic. Cenozoic plutonic rocks in western Anatolia are mostly Eocene and Oligo-Miocene in age and occur along and north of the Izmir-Ankara-Erzincan suture zone (IAESZ; Fig. 2 ) as composite plutons emplaced during the compressional buildup of the west Anatolian orogenic crust (Ercan et al., 1984; Savaºçin and Güleç, 1990; Harris et al., 1994; Altunkaynak and Yilmaz, 1998, 1999; Genç, 1998; Karacik and Yilmaz, 1998; Yilmaz et al., 2001; Köprübasi and Aldanmaz, 2004) . In addition to these mostly I-type post-collisional granitoids, sheet-like leucocratic granitic intrusions occur in the Menderes metamorphic massif farther south. These leucocratic granitoids are intrusive into the gneissic and schistose rocks in the footwalls of major detachment faults and shear zones in the massif, and are lineated and foliated parallel to the fabric elements in their mylonitic host rocks (Dora et al., 1987; Bozkurt, 2004; Iºik et al., 2004; Ring and Collins, 2005) . These structural relationships suggest that the granitoid rocks within the metamorphic massif are syn-extensional intrusions whose magmas were likely derived from decompressional melting of the exhumed continental lower crust, typical of Cordilleran-type core complexes (Crittendon et al., 1980 , and references therein; Coney and Harms, 1984) . The emplacement and cooling ages of these syn-extensional granitoids have been dated at 21-20 Ma (Gessner et al., 2004; Iºik et al., 2004; Ring and Collins, 2005) , and are not discussed in this paper.
The Eocene granitoid plutons occur in a nearly E-W-trending zone between the Sea of Marmara and the IAESZ (Fig. 2) . They have subcircular to elliptical shapes, range in diameter from 10 to 25 km, and become slightly younger in crystallization ages from the south near the IAESZ, ~54-48 Ma, to the north near the Sea of Marmara, ~48-34 Ma, based on 40 Ar/ 39 Ar and/or K/Ar hornblende and biotite ages, Rb/Sr biotite ages (Ataman, 1972; Bingöl et al., 1982 Bingöl et al., , 1994 Harris et al., 1994; Birkle and Satir, 1995; Delaloye and Bingöl, 2000; Okay and Satir, 2000; Köprübaºi and Aldanmaz, 2004) . The suture-zone granitoids, which were emplaced into the mafic-ultramafic ophiolitic and blueschist rocks at shallow crustal levels along the IAESZ in the south (Harris et al., 1994) , are composed mainly of diorite, quartz diorite, granodiorite, and syenite (i.e., Topuk, Orhaneli, Gürgenyayla, and Göynük-belen plutons; Altunkaynak, 2004) . Volcanic equivalents of the suture zone plutons have not been recognized in the area. The younger granitoids near the Sea of Marmara (i.e., Fistikli, Armutlu, Lapseki, Kapidag plutons) are intrusive into the Paleozoicearly Mesozoic basement rocks of the Sakarya continent, and consist mainly of monzogranite, granodiorite, and granite. These Marmara granitoids are accompanied by coeval pyroclastic rocks and basaltic to andesitic lavas (i.e., Kizderbent and Balikliçesme volcanics) that likely constitute their extrusive counterparts (Genç and Yilmaz, 1997) .
The younger generation of plutons, which are Oligo-Miocene in age (i.e., Kestanbol, Evciler, Eybek, Ilica, Kozak), mostly occur farther west in the Biga Peninsula and to the south of the Gulf of Edremit (Fig. 2) . These plutons are commonly intrusive into the crystalline basement rocks of the Sakarya continent as individual bodies, and are composed of granite, granodiorite, quartz diorite, and quartz monzonite (Altunkaynak and Yilmaz, 1998; Genç, 1998; Karacik and Yilmaz, 1998; Yücel-Öztürk et al., 2005) . They are commonly accompanied by hypabyssal porphyry sheet intrusions in the country rocks, and are locally intrusive into a volcanic carapace consisting of andesite, dacite, rhyodacite, rhyolite, and pyroclastic rocks, which collectively form a lower volcanic association largely coeval with the granitoids. These relations suggest relatively shallow upper crustal levels of emplacement for the Oligo-Miocene plutons.
Both the plutons and their volcanic counterparts are stratigraphically overlain by rhyolitic ignimbrite flows, pumiceous air-fall and mudflow deposits, and latitic, andesitic, and basaltic lava flows, which are intercalated with Lower-Middle Miocene lacustrine rocks and coal seams (Genç, 1998) . Some of the plutons and their volcano-sedimentary cover constitute parts of collapsed caldera structures in the area (e.g., Kozak pluton; Altunkaynak and Yilmaz, 1998) . Radiometric dating of these plutonic and volcanic rocks have revealed igneous ages ranging from ~31 Ma to 15 Ma (Borsi et al., 1972; Ataman, 1974; Bingöl et al., 1982; Fytikas et al., 1984; Ercan et al., 1985 Ercan et al., , 1995 Birkle and Satir, 1995; Erkül et al., 2005) , which are consistent with the fossil ages obtained from sedimentary intercalations within the volcanic associations (Genç, 1998 , and references therein). These Oligo-Miocene volcano-plutonic units collectively cover a wide area in northwest Anatolia and constitute the most extensive postcollisional magmatic products in the region (Savaºçin and Erler, 1994) . The products of an Early Miocene (~21.5-16.5 Ma) volcanism, characterized by extensive andesitic, dacitic, to rhyolitic and pyroclastic rock formations, are also widespread on the islands of Lesbos, Limnos, Agios Evstratios, and Samothraki in the northeastern Aegean Sea Piper, 1992, 2002) . These volcanic rocks are spatially and temporally associated with granitic plutons and collectively form large stratovolcano remnants and volcano-plutonic associations exposed in collapsed caldera structures.
As the collision-induced compression gave way to widespread N-S extension during the Middle Miocene, the nature and products of magmatism also changed in western Anatolia. Volcanic rocks of this transitional phase are common along NNE-and NNW-trending oblique transtensional fault systems (Altunkaynak and Yilmaz, 1998; Yilmaz et al., 2000; Erkül et al., 2005) and are composed of andesites and pyroclastics intercalated with and/or grading into dark, mildly alkaline basaltic lavas (Altunkaynak and Dilek, 2006, and references therein) . This transitional-phase volcanism has no plutonic equivalents exposed at the surface in western Anatolia. The products of this bimodal transitional volcanism are also exposed on the adjacent Aegean Islands of Chios, Evia, Samos, and Patmos, where andesitic to rhyolitic flows and tuffs are intercalated with alkali basalt and basaltic trachyandesite flows and basinal sedimentary rocks (Pe-Piper and Piper, 2002) . Radiometric dating of some of these volcanic rocks revealed ages around 15-14 Ma (Fytikas et al., 1980; Pe-Piper and Piper, 2001 . Extrusion of basaltic flows on Samos appears to be spatially associated with N-S-oriented oblique-slip faults.
By the Late Miocene, the ongoing extensional tectonics had affected the entire Aegean province (Jolivet et al., 1994; Yilmaz, 2002) , significantly thinning the lithosphere and exhuming much of the Kazdaǧ and Menderes metamorphic massifs in western Anatolia (Bozkurt and Satir, 2000; Okay and Satir, 2000; Iºik et al., 2004; Ring and Collins, 2005) . Continued high-to low-angle normal faulting and associated extension within the Menderes core complex during the Late Miocene further facilitated its tectonic denudation and resulted in the formation of deep graben structures (Yilmaz et al., 2000; Bozkurt, 2002) . Widespread erosion accompanying this extensional phase produced a regionwide peneplain surface marking the Miocene-Pliocene boundary. Magmatism during this time produced alkaline mafic lavas with their potassic and sodic compositions progressively increasing in time (Yilmaz, 1989; Savaºçin and Oyman, 1998; Aldanmaz et al., 2000) . Upper Miocene and Pliocene alkaline basalts are exposed in southeastern Thrace (Yilmaz and Polat, 1998) , in Ezine (~9.7 Ma; Borsi et al., 1972; Innocenti et al., 2005) , east of Çanakkale (Late Pliocene) and Ayvalik (Early Pliocene; Yilmaz, 1990) , in Söke (~7 Ma; Yilmaz, 1990) , and in UrlaIzmir (~11.3 Ma; Borsi et al., 1972; Innocenti et al., 2005) . Strongly alkaline latest Miocene to latest Quaternary basaltic lavas consist of olivine-phyric and/or aphyric basalts, basanites, and phonotephrites with potassic to ultrapotassic compositions and constitute the final magmatic phase in western Anatolia (Richardson-Bunbury, 1996; Seyitoǧlu et al., 1997; Alici et al., 2002; Aldanmaz et al., 2000; Francalanci et al., 2000) . These super-alkali volcanic rocks are spatially associated with grabenbounding, E-W-oriented normal fault systems and/ or with the intersections of the E-W-and NE-trending grabens and faults (as in Kula volcanics), and they represent the products of "rift volcanism" in western Anatolia. Similar alkaline rocks (sodic basalts, hawaiites, trachybasalts) associated with extensional graben structures also occur on the Islands of Samos and Patmos in the Aegean Sea farther west (Pe-Piper and Piper, 2002) .
Geochemistry and Petrogenesis

Geochemistry
The Eocene granitic and volcanic associations north of the IAESZ are subalkaline in nature with the exception of two volcanic samples, which fall within the alkaline field on the Na 2 O + K 2 O vs SiO 2 diagram (Fig. 3 ). This group is composed of medium-to high-K calc-alkaline rocks whose K 2 O contents increase with increasing SiO 2 ( (Table 1) .
The trace-element abundances of these rocks show large variations (e.g. Ba: 57-1150 ppm; Th: 2-13 ppm; La: 2.01-57.1 ppm), suggesting that the Eocene granitic and volcanic rocks in particular were moderately enriched in incompatible elements, and indicating that their melts were moderately evolved (Frey et al., 1978; Pearce, 1982) . They show enrichment in large-ion lithophile elements (LILE [K, Rb, Ba, Sr]) over light rare-earth elements (LREE) and MREE, and depletion in highfield-strength elements (HFSE [Zr, Nb, Ti, and P]) (Fig. 6) . The Oligo-Miocene volcano-plutonic associations comprise shoshonitic to high-K calcalkaline rocks (Fig. 4) (Table 1) . These rocks form a mildly alkaline group that is transitional between the Eocene and Oligo-Miocene subalkaline and the Upper Miocene-Quaternary alkaline rocks (Figs. 3 and 4) . Their Mg numbers range between 59 and 81. These rocks show less pronounced enrichment trends in Ba, Th, and K and weaker Nb and P anomalies on MORB-normalized multi-element diagrams (Fig. 5) . Although they display enrichment in LREE, their (La/Yb) n ratios (9-17) are lower than those of the sub-alkaline Eocene and Oligo-Miocene lavas on chondrite-normalized REE diagrams (Fig. 6) .
The Upper Miocene through Quaternary volcanics in western Anatolia are represented by alkaline, silica-undersaturated rocks (41-48 wt% SiO 2 ) with higher TiO 2 contents (1.80-3.22 wt%) compared to the older groups. They also have high Mg numbers, ranging between 70 and 84. Multielement patterns (Fig. 5 ) of the rocks in this group are similar to those of ocean-island basalts (OIB) with maximum enrichment in Nb. These rocks also display enrichment in LILE (such as Ba and Rb) FIG. 5 . N-MORB-normalized multi-element patterns for western Anatolian volcanic and plutonic rocks. N-MORB normalizing values are from Sun and McDonough (1989). and depletion in HREE relative to the N-MORB (Fig. 5) , suggesting an enriched mantle source (not subduction related) for the origin of their magmas.
These alkaline rocks also exhibit LREE enrichment relative to chondrites and flat REE patterns from Er to Lu relative to the LREE (Fig. 6 ). 
Petrogenesis and Geodynamic Implications
The Eocene and Oligo-Miocene plutons in northwest Anatolia are predominantly metaluminous and slightly peraluminous I-type granitoids with the A/ CNK values ranging between 0.79 and 1.16 (Table  1) . The major-and trace-element features of these granitoids and their volcanic counterparts suggest that their melts were moderately and strongly evolved, and that they were derived from a subduction-influenced, enriched lithospheric mantle source (Thorpe et al., 1982; Pearce et al., 1990; Saunders et al., 1991; Hawkesworth et al., 1993; Thirwall et al., 1994; Pearce and Peate, 1995) . Because the subduction of the Tethyan oceanic lithosphere was effectively shut off by the partial subduction of the northern edge of the AnatolideTauride platform beneath the Sakarya Continent by the latest Cretaceous and by the subsequent continent-continent collision in the Eocene (Okay et al., 1998; Okay, 2002; Altunkaynak and Dilek, 2006) , the inferred subduction signature of the Eocene and Oligo-Miocene volcano-plutonic units is considered to have been inherited from the Late Cretaceous subduction of the Neo-Tethyan oceanic lithosphere beneath the Sakarya Continent (Genç and Yilmaz, 1997; Yilmaz et al., 2001; Aldanmaz et al., 2000; Köprübaºi and Aldanmaz, 2004; Altunkaynak and Dilek, 2006; Yücel-Öztürk et al., 2005 [0.7033-0.7030) ] and the highest εNd (i) (+2.5 to +6.5) values. The Eocene to Oligo-Miocene plutonic and volcanic rocks plot in a field between the "asthenospheric melting" and "crust" subfields; this indicates a hybrid composition along the lithospheric mantle-melting array (Fig. 7) .
Positive correlations between K 2 O and SiO 2 contents, REE patterns, and nearly constant values of the initial εNd and 87 Sr/ 86 Sr ratios (regardless of the SiO 2 content of the rocks) indicate that assimilation and fractional crystallization of the primary mafic magmas played a major role during the evolution of the Eocene and Oligo-Miocene mafic to felsic rocks (Wilson, 1989; Güleç, 1991; Genç and Yilmaz 1997; Altunkaynak and Yilmaz, 1998; Genç 1998 Wilson (1989) and Davies and von Blackenburg (1995) , and the references therein. Altunkaynak and Dilek, 2006) . Some of the OligoMiocene plutons and associated volcanic units display less pronounced depletions in Ba, Sr, and P, and have higher contents of Pb, K, Ni, and SiO 2 in comparison to the Eocene plutons and associated vocanic rocks, suggesting a greater crustal involvement in their petrogenesis (Fig. 5) . The degree of crustal contamination seems to have increased through time, as evidenced by the comparison of the 87 Sr/ 86 Sr ratios of the Eocene and Oligo-Miocene plutonic and volcanic rocks (Figs. 7 and 8 ). These isotopic values and the La/Nb, Zr/Nb ratios also indicate decreasing subduction signatures in the volcano-plutonic rocks from the Late Eocene to the Early Miocene (Altunkaynak and Dilek, 2006) . Thus, as post-collisional crustal build-up continued through the Oligo-Miocene, widespread magmatism in western Anatolia produced extensive volcanoplutonic units with hybrid compositions that reflect increasing amounts of crustal contamination, and diminishing subduction-zone influence in the mantle source region .
Melting of the previously subduction-enriched mantle lithosphere was facilitated by asthenospheric upwelling caused by slab breakoff in the aftermath of the Eocene regional continental collision (Köprübaºi and Aldanmaz, 2004; Altunkaynak and Dilek, 2006) . The upwelling hot asthenosphere impinged on the overlying mantle lithosphere and resulted in the melting of the previously metasomatized and hydrated layers that in turn produced potassic, calc-alkaline magmas. The geochemical features of the Eocene volcanic and plutonic rocks indicate that these calcalkaline magmas experienced various degrees of crustal contamination and differentiation during their ascent through the newly formed orogenic crust and the Sakarya continental lithosphere. The continued convergence in the collision zone and the cessation of subduction collectively led to the development of thick orogenic crust. The replacement of the cold lithosphere by the asthenosphere caused the formation of hybrid OligoMiocene magmas from both lithospheric mantlederived and crustal melts (Altunkaynak and Dilek, 2006) .
The Middle Miocene volcanic rocks display geochemical characteristics that indicate their derivation from slightly to moderately evolved magmas that underwent significant crystal fractionation (crystallization of olivine and clinopyroxene in particular) (Aldanmaz et al., 2000; Akay and Erdogan, 2004; Altunkaynak and Dilek, 2006) . The lack of significant negative Eu anomalies and the consistently high Sr contents of the rocks are inconsistent, however, with the conclusion that their magmas underwent plagioclase fractionation. The negative Ta and Nb anomalies, enriched LREE, and low Rb/ Sr ratios of the rocks in this group point to the (Fig. 7) , other geochemical features as stated above indicate the influence of incoming asthenospheric melts in their magmatic evolution. Thus, it is apparent that both lithospheric and asthenospheric mantle melts were involved during the generation of the Middle Miocene lavas. We also see, through 87 Sr/ 86 Sr values decreasing from 0.7090 to 0.7064, the gradually diminishing effects of crustal contamination during the evolution of these transitional rocks from the Early to Middle Miocene is apparent (Fig. 8) .
We think that the introduction of inferred asthenospheric melts to the source of the Middle Miocene bimodal volcanic rocks (contemporaneous calc-alkaline and alkaline rocks) was facilitated by partial delamination of the lithospheric root beneath the western Anatolian orogenic belt. The Eocene continental collision and continued shortening throughout the Oligo-Miocene likely resulted in the formation of overthickened crust and a deep lithospheric keel with dense eclogitic material beneath the orogenic belt (Seyitoǧlu and Scott, 1996; Dilek and Whitney, 2000) . Foundering of the dense, unstable lithospheric root into the mantle through delamination caused the replacement of eclogite by buoyant, warm asthenosphere that underwent decompressional melting to produce basaltic liquids. Both the heat and the basaltic melts provided by the upwelling asthenosphere resulted in partial fusion of the previously metasomatized regions in the mantle lithosphere, and led to formation of the mildly alkaline lavas. Similar lithospheric delamination processes and their magmatic consequences have been suggested for the western and eastern Anatolian orogenic belts and other mountains (i.e., Pearce et al., 1990; Turner et al., 1996; Ducea and Saleeby, 1998; Aldanmaz et al., 2000; Keskin et al., 2003; ªengör et al., 2003; Jones et al., 2004; Williams et al., 2004; Altunkaynak and Dilek, 2006) . This period of inferred lithospheric delamination and bimodal volcanism coincides with the onset of regional extension, crustal uplift, and core complex exhumation in western Anatolia (Altunkaynak and Dilek, 2006) .
The Upper Miocene and Quaternary alkaline rocks have OIB-like geochemical characteristics, consistent with an asthenospheric mantle source (Aldanmaz et al., 2000; Alici et al., 2002) . The lack of negative Ta and Nb anomalies in their trace element patterns also shows that the magmas of these alkaline rocks were not affected by subduction-generated fluids (Fig. 5 ). This interpretation is also supported by their Sr-Nd isotopic compositions ( Table 1 ). The samples from this group plot in the asthenospheric melting array on the εNd (t) vs. 87 Sr/ 86 Sr (t) diagram (Fig. 7) . However, the Rb/Nb and K/ Nb ratios of these lavas are higher than those of typical OIB, and combined with HFSE enrichment levels this observation indicates limited melt contribution from a lithospheric mantle source (Alici et al., 2002) . The sharp negative jump in the 87 Sr/ 86 Sr values from the Middle Miocene mildly alkaline lavas to the Upper Miocene alkaline lavas around 11-10 Ma indicates a significant reduction in the degree of crustal contamination of the magmas (Fig.  8) . The Kula volcanic field (8.4 Ma -0.13 ± 0.005 Ma) north of the Gediz graben (Fig. 2) represents the best example of this latest Cenozoic alkaline volcanism in western Anatolia, and contains olivine-phyric and/or aphyric basalts and basanites with potassic-ultrapotassic compositions (RichardsonBunbury, 1996; Alici et al., 2002; Aldanmaz et al., 2000) . Assimilation-fractional crystallization modeling of these highly alkaline Kula volcanic rocks supports the idea that fractional crystallization was a major process during the evolution of their magmas. This alkaline to ultra-alkaline volcanism in the latest Cenozoic was a direct result of decompressional melting of the asthenospheric mantle, which was upwelling to isostatically compensate for the thinned lithosphere undergoing wholesale extension in the Aegean Province. Major graben systems and the intersections of lithospheric-scale extensional fault systems played a significant role as natural conduits for magma transport, thus minimizing crustal contamination.
This synoptic evaluation of the post-collisional magmatism in western Anatolia in light of the geodynamic evolution of the region indicates that conditioning of the lithospheric mantle through plate tectonic events (i.e., previous subductions, orogenic thickening) was an important factor affecting melt evolution through time. Collision-induced slab breakoff, lithospheric delamination, and asthenospheric upwelling all appear to have contributed to the time-progressive evolution of Cenozoic magmatism in the region. These aspects of the western Anatolian orogenic belt are highly characteristic of the post-collisional evolution of alpinestyle mountains.
Geodynamic Template for Post-collisional Magmatism in Orogenic Belts
A close examination of collision zones in different orogenic belts around the world shows that the evolutionary patterns of their post-collisional magmatism have many features in common (Fig. 9) . Following a continental collision event, there appears to be an episode of medium-to high-K, calc-alkaline magmatism producing linearly distributed granitoids and extrusive sequences near the suture zones (Fig. 9A) . Development of calc-alkaline volcano-plutonic complexes in the early stages of the evolution of mountain belts commonly coincides with continued regional shortening and crustal thickening (Fig. 9B) . This calc-alkaline magmatic episode is then followed by volcanism displaying geochemical features transitional between calcalkaline and alkaline compositions. This transitional phase is generally short-lived (~several million years) and gives way to an eruption of OIB-type alkaline basalts that is commonly synchronous with widespread tectonic extension (Fig. 9C) . In the absence of the active subduction of oceanic lithosphere in continental collision zones, the source of calc-alkaline magmas is likely to be from the melting of a previously subduction-modified continental lithospheric mantle. The eruption of within-plate alkaline basalts in the latest stages of post-collisional magmatism is most likely associated with melting of upwelling asthenospheric mantle beneath highly attenuated continental crust and thinned lithosphere (Fig. 9D) .
We observe many components of this template of post-collisional magmatism, albeit with some deviations and minor differences, in many discrete collision zones within the broader Alpine orogenic belt. In the Betic-Rif mountain system, which evolved from the collision of Iberia with Africa in the Late Oligocene-Early Miocene, the first episode of magmatism was marked by calc-alkaline volcanism in southwestern Spain and northwest Africa (~15-8 Ma) showing geochemical signatures of increased crustal contamination through time (Benito et al., 1999; Maury et al., 2000; Coulon et al., 2002) .
Eruption of alkali basalts, basanites, and ultrapotassic lamproites ensued during this early episode of calc-alkaline magmatism and accompanied widespread crustal extension in the region around 10-6 Ma (Maury et al., 2000) . Moreover, seismic tomographic data from this mountain belt provide strong evidence for post-collision slab detachment and asthenospheric upwelling (Zeck, 1996; Carminati et al., 1998; Zeck et al., 1998; Benito et al., 1999) .
In the European Alps, which resulted from the collision of Adria (an African promontory) with Europe starting around 55 Ma (Coward and Dietrich, 1989) , the products of post-collisional magmatism are represented by granitoid intrusions, mafic dike swarms, and associated mineralization along the peri-Adriatic lineament (De Boorder et al., 1998) . Ranging in age from 33 Ma to 29 Ma (Del Moro et al., 1983; Barth et al., 1989; Hansmann and Oberli, 1991; von Blanckenburg and Davies, 1995) , these granitic plutons and dikes have geochemical signatures of basaltic magmas that were derived from partial melting of a subcontinental lithospheric mantle (SCLM), and experienced variable degrees of assimilation and fractional crystallization during their ascent (Kagami et al., 1991; von Blanckenburg et al., 1992) . Cenozoic volcanic rocks are rare in the Alps; however, the Oligocene calc-alkaline, shoshonitic, and ultra-potassic andesites in the northwestern Italian Alps are comparable in age and chemistry to the peri-Adriatic granitoids (Venturelli et al., 1984) . Post-collisional volcanism was either highly limited in space and time in the Alps, or its products have been rapidly removed by erosion associated with significant crustal and surface uplift throughout the late Cenozoic (Gebrande et al., 2006, and references therein) . Modeling of post-collisional magmatism, deformation, and exhumation of high-P rocks in the Alps suggests that slab breakoff was the driving mechanism for the late Cenozoic tectonic evolution of this collision zone (von Blanckenburg and Davies, 1995; Davies and von Blanckenburg, 1995) . The inferred slab breakoff is interpreted to have occurred at depths around 100 km or more, too deep to allow melting of asthenosphere (Davies and von Blanckenburg, 1995) . This lack of asthenospheric melting is likely to have inhibited the development of late-stage alkaline volcanism in the Alps.
Farther east in the Dinaride-Hellenide segment of the Alpine orogenic belt, post-collisional magmatic associations occur in the peri-Adriatic Sava-Vardar zone and include Eocene-Oligocene granitoids, Oligocene shoshonitic and calc-alkaline volcanic rocks and lamprophyres, and Late Oligocene (Chattian) calc-alkaline volcanic rocks and granitoids (Pamic et al., 2002; Prelevic et al., 2005) . The oblique collision of Adria with Eurasia (Tsia-Moesia continental blocks) around 45 Ma was followed by the partial subduction of the continental margin of Adria beneath Eurasia and the subsequent breakoff of the leading edge of the subducting Tethyan oceanic lithosphere, as inferred from seismic tomographic studies in the region. The Oligocene granitoid plutons and shoshonitic to calcalkaline volcanic rocks in the Dinarides show Sr, Nd, and O isotopic values that indicate that their primary basaltic magmas were derived from partial melting of subduction-modified subcontinental lithospheric mantle and its asthenosphere, and that these magmas were contaminated to various degrees by continental crust (Pamic et al., 2002; Prelevic et al., 2005) . This lithospheric/asthenospheric mantle melting was also facilitated by slab breakoff, which coincided with significant orogen-parallel dextral strike-slip deformation within the Dinarides as a result of the oblique collision of Adria. Alkali basalt volcanism appears to be absent in the post-collisional magmatic history of the Dinarides.
In the Carpathian-Pannonian region north of the Dinarides, post-collisional magmatism followed the diachronous collision of the Alcapa and Tisia lithospheric blocks with the southern edge of Eurasia during the Early to Middle Miocene (respectively) and produced calc-alkaline to alkaline rocks (Mason et al., 1998; Nemcok et al., 1998; Seghedi et al., 2004) . The early stages of magmatism in the Carpathians produced medium-to high-K calcalkaline and shoshonitic basalts and basaltic andesites showing isotopic evidence of crustal assimilation (Mason et al., 1998) ; slightly younger alkaline basalts exhibit much less crustal contamination. Although the existing geodynamic models vary in detail, they all agree that slab breakoff was responsible for the generation of typical calc-alkaline magmas and that the later stage alkaline basaltic volcanism with an OIB-like asthenosphere source was associated with local extensional tectonics.
Slab breakoff appears to be the most common, major driving force for the early stages of post-collisinal magmatism, crustal uplift, and deformation in continental collision zones ( Fig. 9A ; Wortel and Spakman, 2000; Kohn and Parkinson, 2002; Cloos et al., 2005) . The magmatism in this stage is represented by calc-alkaline to transitional (in composition) products that overlap in age with compressional tectonics. In the case of post-collisional magmatism in western Anatolia, a complete spectrum of magmatic products ranges from calcalkaline volcano-plutonic units associated with compressional tectonics to alkaline to super-alkaline basalts spatially and temporally associated with extensional faulting. This last stage alkaline volcanism that accompanied advanced degrees of lithospheric-scale tectonic extension in western Anatolia and in the broader Aegean region was either poorly developed and/or is lacking in other segments of the Alpine orogenic belt. The alkaline volcanism in western Anatolia was likely a result of lithospheric delamination and/or partial convective removal of the SCLM ( Fig. 9C ; Aldanmaz et al., 2000; Altunkaynak and Dilek, 2006) . Collision-induced lithospheric thickening is assumed to have resulted in destabilization of the SCLM and its subsequent removal by thermal erosion or in delamination and sinking of part of the lithosphere (Houseman et al., 1981; Platt and England, 1994) . In either explanation, decompressional melting of the upwelling asthenosphere is thought to have produced basaltic magmas, which ascended through the tectonically extended and thinned continental crust. This interpretation is similar to models developed for postcollisional high-K, medium-alkaline volcanism and shoshonitic volcanism and extension in the northern Tibetan Plateau (Turner et al., 1996; Williams et al., 2004) and for calc-alkaline to alkaline basaltic, shoshonitic, and purely asthenospheric basaltic magmatism in the eastern Rhodopes (Marchev et al., 2004) .
Some of the outstanding questions regarding the late-stage, post-collisional magmatism in orogenic belts are why lithospheric delamination and/or convective removal of the SCLM occurs in some orogens but not in all of them, and what local or regional geodynamic processes may trigger these events. In the case of western Anatolia and the Rhodope belt, we know that the north-dipping subduction zone at the Hellenic Trench and associated slab rollback were already in operation at the time of inferred lithospheric delamination (Meulenkamp et al., 1998) , placing the Aegean Province in a back-arc extensional tectonic setting (Fig. 9C) . Initiation of the north-dipping subduction zone at the Hellenic Trench in the Middle Miocene (~13 Ma) and the propagation of the North Anatolian transform fault into the northeastern Aegean region around 7 to 5 Ma are two significant, unique tectonic events, and they may have been responsible for the observed shifts in the character of the post-collisional magmatism in western Anatolia and in the Aegean province since the Middle to Late Miocene (Pe-Piper and Piper, 2002) .
It is apparent that although the nature of postcollisional magmatism in orogenic belts follows a common pathway, deviations may exist in the flowchart of this generalized tectonomagmatic template. The observed changes in the spatial and temporal distribution and evolution of post-collisional magmatic products in various collision zones within the broader Alpine-Himalayan orogenic belt are likely to have resulted from differences in: (1) types and sizes of colliding lithospheric blocks; (2) convergence directions and rates between colliding plates; (3) strength of the subducting plate and hence the mode of its internal deformation; (4) depth of slab breakoff; (5) the extent of slab breakoff-generated asthenospheric window and the magnitude and intensity of related thermal perturbation; (6) nature of the subcontinental lithospheric mantle (hydrous vs. less hydrous, amphibole-vs. phlogopite-bearing); (7) thickness of orogenic crust; (8) nature of mantle unrooting (delamination of mantle lithosphere vs. convective thinning by thermal erosion of the thermal boundary layer); and (9) regional geodynamics and other plate boundary processes at work in the vicinity of the collision zones (Davies and von Blanckenburg, 1995; Atherton and Ghani, 2002; Bonin, 2004) .
Conclusions
The onset of post-collisional magmatism in western Anatolia dates back to the Early to Middle Eocene, long before the Arabia-Eurasia collision around 14 Ma. The evolution of this magmatism has occurred in discrete pulses throughout the Cenozoic, and produced volcanic and plutonic associations with varying ages and chemical compositions. Spatial, temporal, and geochemical relationships of these volcano-plutonic associations provide valuable information on the crustal and mantle evolution, thermal regimes, and magma transport mechanisms beneath a young orogenic belt in an alpine-style collision zone.
The first products of the post-collisional magmatism in western Anatolia are represented by nearly E-W-trending Eocene granitoid plutons intruded into ophiolitic and blueschist rocks along the IzmirAnkara-Erzircan suture zone and into the crystalline basement of the Sakarya continent. Some of these plutons are spatially associated with volcanic counterparts, and both plutonic and volcanic rocks show moderately evolved compositions enriched in incompatible elements reminiscent of subduction zone-influenced subalkaline magmas.
The next pulse of magmatism is represented by widespread Oligo-Miocene volcanic and plutonic rocks in northwest Anatolia and on the adjacent Aegean islands that also display characteristic geochemical signatures of subduction-zone magmas. However, the primary magmas of the Eocene and Oligo-Miocene volcano-plutonic units were derived from a subduction-influenced, enriched lithospheric mantle source beneath the suture zone and the Sakarya continent, rather than from a mantle wedge above an active subduction zone. Assimilation, fractional crystallization, and crustal contamination processes played a major role in the evolution of these magmas. Slab breakoff-induced asthenospheric upwelling was responsible for partial melting of the previously subductionenriched mantle lithosphere following continental collision in the Early Eocene. The Eocene and Oligo-Miocene magmatism was mostly contemporaneous with collision-driven regional compression in western Anatolia.
Middle Miocene (16-14 Ma) magmatism in the region is represented by mildly alkaline, bimodal volcanic rocks that show diminishing effects of crustal contamination during their evolution, in contrast to the Eocene and Oligo-Miocene volcanoplutonic units. The geochemical features of these Middle Miocene rocks suggest that both lithospheric and asthenospheric mantle melts were involved during their evolution. These mildly alkaline volcanic rocks mark, therefore, a transitional period in the post-collisional magmatic history of western Anatolia that coincides with the region-wide extensional tectonic deformation. Introduction of asthenospheric melts to the source of this transitional volcanism in the Middle Miocene is likely to have resulted from asthenospheric upwelling caused by partial delamination of the lithospheric root beneath the western Anatolian orogenic belt.
Late Miocene to Quaternary magmatism in western Anatolia is represented by alkaline to superalkaline volcanic rocks showing OIB-like geochemical features. The lack of isotopic evidence for subduction zone influence or significant crustal contamination in the evolution of these alkaline rocks indicates that their magmas were derived from decompressional melting of the asthenospheric mantle beneath significantly attenuated continental crust in the Aegean extensional province. Lithospheric-scale extensional normal fault systems provided natural plumbing systems to deliver asthenospheric melts to the surface with limited contribution from the lithospheric mantle.
The time-progressive evolution of post-collisional magmatism in western Anatolia was affected by slab breakoff, lithospheric delamination, and asthenospheric upwelling and melting, coinciding with regional compressional and extensional tectonic deformation, in that order. This conceptual flowchart of the documented tectonic and magmatic events, which developed in response to the postcollisional mantle dynamics in the Aegean region, is characteristic of many alpine-type collisional orogenic belts and provides a realistic template for their post-collisional magmatic evolution.
